Permeability and apparent diffusivity within a heat pipe wick were measured over a wide range of moisture content. Obtained data showed a strong dependence on the saturation of working fluid.
Recently, they have been applied to other fields Heat pipes were mainly developed for application such as energy conservation, heat recovery and solar to temperature control systems of spacecraft in the energy utilization. The heat transfer rate of the heat pipe is basically characterized by six simultaneous and mutually de-pendent processes: (1) heat transfer through container wall and wick from the source; (2) evaporation of liquid; (3) transport of vapor in the core from heating section to cooling section; (4) condensation of vapor; (5) heat transfer from the liquid-vapor interface to the sink, through wick and container wall; and (6) return flow of the condensate from the cooling section to the heating section by capillary action in the wick. If one of these processes is impeded for some reason, normal heat pipe operation is disturbed and the heat pipe is said to be at the maximumheat transfer limit, that is, the so-called entrainment limit, capillary limit, sonic limit or boiling limit according to cause. These limits may be strongly dependent on wick material, working fluid and operating temperature. For the low and moderate temperature range form 200 to 500K, the capillary limit restricts the maximumheat transfer rate of the heat pipe with wick.
Cotter4) first proposed a fundamental equation for predicting the maximum heat transfer rate at the capillary limit. There have since been published many works1~3'5'17'18) on the prediction of maximum heat transfer rate at the capillary limit, all of which assumed that the wick is fully saturated with working fluid and has a constant permeability in accordance with Cotter. However, near the capillary limit it has been observed that the wick is unsaturated with working fluid at the heating section. 12 
And a linear relationship between capillary pressure and saturation is assumed:
(2) Further, it is supposed that total pressure is uniform throughout the porous material, which is unsaturated with working fluid, that is, dx (3) The pressure balance among total, liquid and capillary pressures is written as P=P1 +PC (4) neglecting gravity, and then saturation is related to liquid pressure as S=a+bP1 (5) Nowlet us consider a sample of wick material having volume V and height L, which is placed on a membranefilter in a pressure cell. Suppose an initial pressure in the cell of P and saturation of working fluid in equilibrium with pressure P in the cell. At time t=0, the pressure in the cell is increased by a small amount AP. Due to this pressure increment, working fluid will flow out of the wick until equilibrium is attained.
In such a situation, the transient change of liquid pressure relating to liquid flow may be described by the following partial differential equation with initial condition (for one-dimensional vertical flow in the pressure cell)
Since the drainage of working liquid occurs only at the cell bottom through the membrane filter, the boundary conditions are expressed by
at x=L (9) 8x Lm where Kmand Lmrepresent permeability and thickness of membranefilter respectively.
The solution of Eq. (6) with above initial and boundary conditions is easily obtained, and it is converted to the saturation distribution by use of Eq. 
These involve the unknownparameters a, b and K, which will be determined in the following way. Furthermore, the apparent moisture diffusivity, which is defined as D= KdP< can be calculated by (14) * By error analysis, we confirmed that series (10) was convergent up to 5 terms in the lower saturation range (only 2 or 3 terms were needed for the higher range). VOL 17 NO. 2 1984 (15) using the linear relationship between liquid pressure and saturation (Eq. (5)).
Experimental apparatus and procedure
The experimental set-up is illustrated in Fig It can be seen from this figure that the permeability has a strong dependence on saturation. In the higher saturation range, there is no clear difference in permeability between brick and glass. On the other hand, in the lower range the permeability within brick is considerably smaller than that within glass. Although the reason is not clear, it may be considered that the more irregular shape of brick particles contributes to this difference.
The effect of temperature on permeability is not clear in this figure because of scattering data. The following empirical expression was obtained for glass l. l x lO-14exp(7.5,S) S>0.3 (16) The apparent moisture diffusivity is shown in Fig.  4 . It can be seen that the moisture diffusivity also is strongly dependent on saturation. Apparent diffusivi- 
Comparison between calculated and experimental saturation distributions
The calculated results of saturation distribution VOL17 NO. 2 1984 Brick powder was used for wick material in Fig. 5 and glass in Fig. 6 .
In both figures, saturation in the heating section decreases with increasing heat transfer rate. The opposite trend is seen in the cooling section. Froma comparison between Figs. 5 and 6, it can be seen that there is a shade of difference in the saturation distribution within brick wick and glass wick in the heating section. This is obviously due to the fact that moisture diffusivity within brick is smaller than that within glass. Figures 7, 8 and 9 show the calculated and experimental saturation distributions for a tilting cylindrical heat pipe. Glass beads were used for the wick in this heat pipe. Figure 7 shows the results at an inclination angle of 90 degrees (that is, vertical and bottom-heated mode), Fig. 8 at 0 degrees (horizontal mode) and Fig. 9 at -25 degrees (top-heated mode). From these figures, we can easily understand that gravity substantially affects saturation distribution within the wick. Especially in vertical and bottom-heated modeoperations, saturation in the cooling section decreases to a considerable extent compared with the horizontal mode. 184 3. Capillary Limit in Heat Pipes 3.1 Prediction method As is well known, the capillary limit occurs when the wick is dried up in the heating section. Then the phenomenon may be mathematically described by the following boundary condition:
S(x = 0) = Sp (24) where Sp represents the degree of saturation at the pendular state.
By solving Eqs. (21), (22) and (24), we can predict the maximum heat transfer rate leading to the capillary limit.
Experimental apparatus and procedure
Cylindrical heat pipes of three different lengths were fabricated and operated at several inclination angles. Figure 10 is a schematic illustration of heat pipes. Dimensions and operating inclination angles are listed in Table 1 . Each heat pipe consisted of 25 mmouter diameter and 22 mminner diameter glass tube. To secure the vapor space, 200-mesh stainless screen was inserted at about 3mmfrom the inner wall, and wick material, that is brick powder, was packed into the clearance betweenthe screen and tube From this figure, it is found that the prediction of maximum heat transfer rate at the capillary limit provides considerably greater values than actual ones if constant permeability and diffusivity are assumed.
However, if their saturation dependence are taken into consideration, the prediction of maximum heat transfer rate is in good agreement with experimental results.
JOURNAL OF CHEMICAL ENGINEERING OF JAPAN Fig. 10 . Schematic illustration of test heat pipes for measuring capillary limit. In is confirmed that maximum heat transfer rate at the capillary limit is predicted with good accuracy by considering saturation dependences of permeability and apparent diffusivity within the heat pipe wick. 
Introduction
It is well knownthat the fluid forces on bodies in unsteady motion in fluids tend to exceed the average forces that may be expected from the laws of drag under steady conditions. This increase in force is induced by the inertia force due to the added mass and by an increase in the drag force due to the history of motion.
In a previous paper on the resistance of fluid to an oscillating circular cylinder,7) correlations between the added-mass coefficient or the drag coefficient and oscillating parameters were proposed experimentally. range of Reynolds numbers. The present investigation was undertaken with the aim of obtaining correlations for the added-mass and drag coefficients over wide ranges of oscillating conditions. The maximumforce on the disk during a cycle was also examined.
Experimental Apparatus and Procedures
The apparatus and the experimental procedure were the same as those described in the previous paper.7) A disk was forced to oscillate in a direction normal to the plane of the disk in a viscous fluid by meansof a scotch-yoke mechanismwhich converted rotary motion into sinusoidal translation. The force on the disk was measured by a transducer with strain gauges. The signal from the transducer was passed through an amplifier with a low-pasS filter of 10Hz and was recorded on a pen-oscillograph. Mixtures of millet jelly and water were used as test fluid, their concentration being varied to provide a range of Reynolds numbers.
Ranges of experimental variables are shown in JOURNAL OF CHEMICAL ENGINEERING OF JAPAN
